The atosa1-1 and atosa1-2 T-DNA insertion mutants were more affected than wild type plants by Cd 2+ and revealed an increased sensitivity towards oxidative stress (H 2 O 2 ) and high light. The mutants exhibited higher superoxide dismutase activities and differences in the expression of genes involved in the antioxidant pathway.
Introduction
Heavy metals like Cu 2+ , Zn 2+ , Mn 2+ in trace amounts play an essential role in many physiological processes but can be toxic if accumulated at high concentrations. In contrast, other heavy metals such as Cd 2+ and Pb 2+ have no biological functions and can be extremely toxic. Cadmium is a non-essential heavy metal widespread in the environment being an important pollutant, known to be toxic for plants not only at the root level where Cd 2+ is taken up, but also in the aerial part. It can be transported from root-to-shoot via the xylem (Salt et al., 1995; Verret et al., 2004) . Cadmium has been reported to interfere with micronutrient homeostasis (Clemens, 2001; Cobbett and Goldsbrough, 2002) . It might replace Zn 2+ in the active site of some enzymes, resulting in the inactivation of the enzymatic activity.
Cadmium also strongly reacts with protein thiols potentially inactivating the corresponding enzymes.
To overcome this problem, cells produce excess quantities of chelating compounds containing thiols, such as small proteins called metallothioneins (Cobbett and Goldsbrough, 2002) , or peptides like glutathione and phytochelatins (Clemens et al., 2002) , which limit the damage induced by Cd
2+
. In addition, several types of transport systems have been shown to contribute to heavy metal resistance including P-type ATPases and ABC transporters. They transport either free or ligand-bound heavy metals across biological membranes extruding them into the apoplast or into the vacuole (Kim et. al., 2007) .
In response to heavy metals diverse signal transduction pathways are activated including mitogenactivated protein kinase, transcription factors, stress induced proteins (Jonak et. al., 2004) . Our knowledge concerning components of these pathways is growing but still incomplete.
The Abc1 protein family originates from the S. cerevisiae ABC1 gene (Activity of bc 1 complex) which has been isolated as a suppressor of a cytochrome b mRNA translation defect (Bousquet et al., 1991) .
The mitochondrial ABC1 in yeast was suggested to have a chaperone-like activity essential for a proper conformation of cytochrome b complex III (Brasseur et al., 1997) . However, more recent data suggest that the ABC1 protein might be implicated in the regulation of coenzyme Q biosynthesis (Hsieh et al., 2004) . The Abc1 family has also been described as a new family of putative kinases (Leonard et al., 1998) and it has been suggested that the putative kinase function of Abc1-like proteins
The data presented in this study suggest that the chloroplast AtOSA1, an Arabidopsis protein belonging to the Abc1 protein family, is implicated in the plant response to oxidative stress that can be generated by Cd
, H 2 O 2 and light. Our results show that AtOSA1 is functioning differently from Abc1, hence the proteins of the Abc1 family can fulfil diverse functions.
Results
AtOSA1 transcript levels change in response to cadmium exposure.
The elucidation of the physiological functions of gene products which transcript levels are up-or down-regulated by Cd 2+ in the model plant Arabidopsis thaliana is of major interest to understand response of plants to Cd
2+
. Several transcriptomic analyses have been performed using a sub-array spotted with a large number of different cDNA sequences. cDNA microarrays from two independent experiments revealed that transcript levels of AtOSA1 (At5g64940) were down-regulated after the treatment with 0.2 μM CdCl 2 for 21 days (Fig. 1A) . The microarray data were confirmed by RT-PCR using the same mRNA template used for the microarray analyses and RNA isolated from plants exposed to 0.5 and 1 μM CdCl 2. After 1 μM CdCl 2 treatment the transcript level of AtOSA1 was upregulated ( Fig. 1B) . Additionally a time-course experiment was carried out with one-week-old plants exposed to 0.5 μM CdCl 2 (Fig. 1C) . The data showed that AtOSA1 was up-regulated in the leaves after 5 days of Cd 2+ exposure, was then stably expressed until day 12 and, finally, down-regulated. In the absence of Cd
, an increase in the expression of AtOSA1 was found to be correlated with plant aging.
The analysis of AtOSA1 transcript levels in the major plant organs of 6 week-old flowering plants revealed that this gene is expressed particularly in leaves, but also in flowers and slightly in stems (Fig. 1D ). Under normal growth conditions, we found only a very low level of AtOSA1 transcripts in roots. Expression of AtOSA1 is in all likelihood related to the green tissues, since in this experiment the flowers were not dissected and still contained green sepals. However, we cannot exclude that
AtOSA1 has homology to the Abc1-like protein family
The protein sequence of AtOSA1 possesses a conserved region of around 120-130 aa (according to CDD: a Conserved Domain Database for protein classification, Marchler-Bauer et al., 2005) that is characteristic for the so-called Abc1 protein family (Fig 2 and Supplementary 1 ). Using the Conserved Domain Database (CDD) search engine at NCBI (Marchler-Bauer et al., 2003) , putative kinase domains were detected within the AtOSA1 protein sequence (Fig. 2) . Similar domains were found in Phosphoinositide 4-kinase (PI4K) and Mn
2+
-dependent serine/threonine protein kinase.
The hydropathy plot made with TMpred (Hofmann and Stoffel, 1993) revealed the presence of two transmembrane spans within the C-terminal part of AtOSA1 (Supplementary 1). Similar results were obtained using the DAS transmembrane prediction server ( H http://www.sbc.su.se/~miklos/DAS/).
The members of Abc1 protein family have been identified in both pro-and eukaryota e.g. AarF from E. coli (Macinga et al., 1998) and ABC1 from yeast (Bousquet et. al., 1991) . It is worth to underline that the Abc1 protein family is not related to ABC transporters despite the fact that AtOSA1, has been previously described as an ABC transporter belonging to the ATH (ABC2) subfamily (Sanchez Fernandez et al., 2001 In Arabidopsis, the sole ABC1-like protein (At4g01660) studied so far has been predicted to be localized in mitochondria and can partially restore the respiratory complex deficiency when expressed in S. cerevisiae (Cardazzo et al., 1998) . This protein has 32% amino acid identity with AtOSA1. The Arabidopsis genome contains 17 putative Abc1-like genes. Based on the aligned translated products, a phylogenetic tree has been drawn (Fig. 3) . The closest Arabidopsis homologue is H At3g07700 which shares 45% amino acid identity with AtOSA1. To date, nothing is known about the localization and potential function of both gene products, although the expression of an apparent homologue of At3g07700 in Brassica juncea (DT317667) has also been found to be regulated by cadmium (Fusco et al., 2005) . Two translated gene products from rice Os02g0575500 and Os09g0250700 share high homologies with AtOSA1. In prokaryotes, the closest homologues of AtOSA1 are the members of the Abc1 family found in different Cyanobacteria like Nostoc (NP_4885555) and Synechocystis sp.
(P73627) sharing, respectively, 45 and 44% identity at the amino acid level. Prokaryotic Abc1 proteins have been detected also in E.coli and Clostridium. Interestingly, these organisms lack complex III (Trumpower, 1990; Unden and Bongaerts, 1997) , suggesting that the possible function for Abc1-like proteins may not be exclusively linked to the transfer of electrons in membranes.
Identification of the Abc1 domain within the AtOSA1 sequence prompted us to determine the functional homology of AtOSA1 with Abc1 proteins. For this purpose, we used the yeast S. cerevisiae 8 deletion mutant W303-1A abc1::HIS3 deficient in the endogenous ABC1 activity (Hsieh et al., 2004) .
Deletion of the ABC1 gene in yeast disturbs the function of the respiratory chain and prevents growth of this mutant strain on media containing non-fermentable carbon sources such as glycerol (Bousquet et al., 1991) . The expression of the entire AtOSA1 gene including its targeting pre-sequence (TP) in W303-1A abc1::HIS3 strain did not restore growth of this mutant on glycerol containing media.
Neither AtOSA1-EYFP nor AtOSA1 restored growth. As a control, the growth of the same strain was restored after complementation with yeast ABC1 gene (Fig. 4A/B) suggesting functional divergence between AtOSA1 and the yeast ABC1. We included the targeting pre-sequence, because chloroplast proteins tend to be targeted to the mitochondria when expressed in fungal cells (Pfaller et al., 1989; Brink et al., 1994) . We monitored the expression of AtOSA1-EYFP by confocal microscopy. The signal emitted by the strains expressing TPAtOSA1-YFP (Fig. 4C ) was similar to that of the Rhodamine HexylB used for staining mitochondria (Fig. 4D ), confirming localization of AtOSA1 in yeast mitochondria or mitochondrion in the presence of the chloroplast targeting pre-sequence.
AtOSA1 is localized in the chloroplast
Sequence analysis of the AtOSA1 protein with Target P ( H http://www.cbs.dtu.dk/services/TargetP/; Emanuelsson et al., (2000) ) used for proteomic analyses and theoretical predictions of protein localization (Koo and Ohlrogge, 2002; Peltier et al., 2002) , revealed the presence of a twenty eight amino acid N-terminal chloroplast targeting pre-sequence (Supplementary1). Both rice sequences Os02g0575500 and Os09g0250700 also have such putative chloroplast transit peptide regions of 56 and 39 aa, respectively. To verify its sub-cellular localization, AtOSA1 was fused (C-terminal) with EYFP and transiently expressed under the control of the CaMV 35S promoter in Arabidopsis suspension cell culture (Fig. 5A) . The signal was visualized by confocal microscopy. The observed localization was identical with that obtained for the Tic110-GFP (Fig. 5B) , an integral inner envelope membrane protein of the chloroplast import machinery (Inaba et al., 2003) . Our results confirm in silico and proteomic data suggesting a localisation of the AtOSA1 protein in the chloroplast envelope of Arabidopsis (Froehlich et al., 2003) .
transcripts are translated (Supplementary 3). Seedlings of both mutants accumulated less cadmium than the wild type at 10 and 20 μM CdCl 2 (Fig. 6A ). Therefore we investigated cadmium tolerance in AtOSA1 T-DNA insertion mutants in one-week-old seedlings grown on bactoagar plates containing 20 μM CdCl 2 . Interestingly roots of atosa1-1 and atosa1-2 mutant seedlings were longer than that of wild-type seedlings (Fig. 6B) , thereby suggesting that root growth is less affected by Cd toxicity in AtOSA1 than in wild-type. Under hydroponic culture conditions, leaves from wild-type Arabidopsis plants took up significantly more cadmium than atosa1-1, confirming the data obtained in seedlings (Fig. 6C) . A similar picture could be observed in the autoradiograms from four week-old plants exposed to 0.04 MBq 109 CdCl 2 for 4h (Fig. 6D ) where higher radioactivity was detected in wild-type plant. Surprisingly, despite the fact that the mutant plants took up less cadmium, they exhibited a marked chlorotic phenotype when exposed to 0.5 μM CdCl 2 for 7 days (Fig 6E) .
Superoxide dismutase activity and gene expression in the AtOSA1 T-DNA mutants
Leaf chlorosis observed in the AtOSA1 T-DNA insertion mutants but not in wild type (WT) plants after Cd treatment prompted us to determine whether atosa1-1 is more sensitive to oxidative stress than WT and whether some of the genes involved in reactive oxygen species (ROS) scavenging are differently regulated in mutants. A suitable approach to determine sensitivity to ROS is measurement of superoxide dismutase (SOD) activity, an essential enzyme to attenuate plant oxidative stress. In the first approach, we determined the overall SOD-activity in the leaves of WT and atosa1-1 exposed or not to 1 µM CdCl 2 . The AtOSA1 mutant plants showed increased SOD-activity compared to wild type plants, both in absence and presence of Cd
2+
. The effect was particularly marked in the absence of Cd 2+ treatment (Fig. 7A ). To determine whether chloroplasts also exhibit an increased SOD-activity, we isolated chloroplasts from plants grown in the presence or absence of Cd
. The data showed that chloroplasts isolated from the AtOSA1 deletion mutant displayed a slight but consistently higher SODactivity, compared to the wild type chloroplasts. This effect was independent of whether the plants were exposed to Cd 2+ or not (Fig. 7B ).
Transcript levels of genes (AtAPX1, At1g07890; AtFSD1, At4g25100; AtFSD2, At5g51100)
responding to oxidative stress (Ball et al., 2004 , Kliebenstein et al., 1998 were investigated. AtAPX1, AtFSD1, AtFSD2, as well as AtOSA1 were found to be up-regulated in WT after 1 µM Cd treatment.
In atosa1-1, only AtFSD2 was comparatively induced by Cd. Interestingly, AtFSD1 was more expressed in atosa1.1 under control conditions when compared to WT and induction of AtFSD2 was stronger in the mutant (Fig. 7C ). (Fig. 8B) . No necrotic spots were detected when both the wild type and AtOSA1 T-DNA inserted mutant were sprayed with 0.2 % (v/v) Tween 20, only (data not shown).
The effect of light on AtOSA1 T-DNA inserted mutants
Light has a complex effect on AtOSA1 mutants depending on light intensities. At low light regime (50 µmol m -2 s -1 ) for 8 h during 4 weeks, the shoot growth of atosa1-1 and atosa1-2 was significantly altered compared to the WT ( 9E ). In this case, the analyses of pigments showed slightly less chlorophyll and carotenoids in atosa1-1 compared to the wild type ( Fig. 9F ).
Analysis of photosynthetic activities in terms of net CO 2 assimilation rate also revealed differences between Atosa1 mutants and the wild type depending on the light intensities. Under higher light intensities mutants were more affected than WT ( No significant differences were found by the electron microscopic analysis in chloroplast structures (stroma lamellae, grana stacks and envelope membranes) between the atosa1-1 and wild type. In addition, the ICP-MS data showed that the content in essential metals and heavy metals was not changed by the AtOSA1 T-DNA insertion (data not shown).
Because possible connections between Abc1 proteins, electron transport and ubiquinone (plastoquinone and phylloquinone) synthesis have been postulated (Poon et al., 2000) we performed analysis of electron transport in AtOSA1 mutants. The kinetic measurements of Chl a fluorescence probing the redox state of Q A , the primary quinone acceptor of photosystem II (PSII) and 820 nm transmission probing the redox state of mainly plastocyanin (PC) and P700 (reaction center chlorophylls of photosystem I (PSI)) revealed no differences between atosa1-1 and wild type (data not shown). This indicates that the electron transport functioned well in atosa1-1 and that the number of oxidized electron acceptors per chain at the beginning of the measurement was similar to the wildtype at "standard" light regime (120 µmol m -2 s -1 ).
Detection of protein kinase activities in gelo
In addition to the Abc1 protein family, AtOSA1 contains motifs found in eukaryotic-type protein kinases. Therefore, we decided to examine protein kinase activities in the AtOSA1 mutant by in gelo phosphorylation assays using MBP (myelin basic protein) as a substrate. Coomassie blue staining of the SDS gel did not show marked differences between the mutant and the wild-type (Fig. 11B ).
Discussion
We performed microarray chip analyses to identify genes up-and down-regulated in response to cadmium stress. Among the genes exhibiting an altered transcript level in response to Cd 2+ , we identified AtOSA1 (At5g64940), as a member of the Abc1 family. In Arabidopsis, 17 genes contain a typical Abc1 motif and hence constitute a small gene family. The sole Abc1 representative described so far in plants (At4g01660) is a homologue to the yeast ABC1 (Cardazzo et al., 1998) . Both are localized in mitochondria (Bousquet et. al., 1991; Cardazzo et al., 1998) , in contrast to AtOSA1 which is targeted to the chloroplast and does not sub-cluster with them. AtOSA1 transcript-level followed a complex kinetics in response to Cd 2+ during dose-dependent and time-course experiments. In the absence of cadmium treatment, its expression in leaves increased during the life of Arabidopsis and it has been reported that plant aging increases oxidative stress in chloroplasts (Munne-Bosch and Alegre, 2002).
Two independent T-DNA insertion mutants, lacking functional AtOSA1, exhibited a complex behaviour towards cadmium. Indeed, the seedling roots of AtOSA1 deletion mutants were less affected by Cd 2+ than those of the wild type plants, possibly due to a reduced Cd 2+ uptake. (Fig. 8B ). Indeed it is still possible that the AtOSA1 mutation also affects the epidermal cell wall and the cuticule. At low light intensity and period, atosa1 exhibited retardation in growth correlated with an increase in pigment production (Chla, Chlb and carotenoids). Under higher light intensity and period, a pale green phenotype correlated with a decrease in pigment contents when compared with the wild type. In addition changes of light intensities influenced photosynthetic activities. This data suggest participation of the chloroplast AtOSA1 in light generated stress (ROS) and pigment response.
Obtained results suggest that AtOSA1 mutants have a hypersensitivity to broad abiotic stresses, Probably, AtOSA1 is not directly induced by external oxidative stress but acts in a more complex manner for example as a part of a signal transduction pathway related to oxidative stress. Indeed, the Abc1 family has been described as a family of putative kinases (Leonard et al., 1998) and it is possible that AtOSA1 exhibits protein kinase activity, since the predicted molecular mass of mature AtOSA1
(83 kD) is close to the phosphorylated polypeptide detected in the autoradiography (~70 kD) after ingel assay. The phosphorylated polypeptide is not present in the envelope membranes derived from AtOSA1 mutant. Nevertheless, we cannot exclude that the protein kinase detected within the gel matrix is a member of a signal transduction cascade, which is not active in the AtOSA1 mutant.
Indeed, it would not be surprising since another protein kinase (NADK2) may play a vital role in chlorophyll synthesis and chloroplast protection against oxidative damage (Chai et al., 2005) . Further studies are required to elucidate the role of this protein kinase within the chloroplast.
Based on the phylogenetic tree, cell localization and involvement in oxidative stress response, AtOSA1 is rather not a functional homologue of the yeast ABC1 and At4g01660 (Cardazzo et al., unable to grow on glycerol, making the exact molecular functions of these proteins still a matter of debate (Do et al., 2001 ).
In Arabidopsis AtOSA1 (At5g64940) cluster together with Abc1 like gene At3g07700, interestingly homologue of this gene in Brassica juncea is also cadmium regulated and possibly localized in the chloroplast (Fusco et al., 2005) . Concerning the other Abc1 sequence-related genes in Arabidopsis, four of them (At5g5200, At4g31390, At1g79600 and At1g71810) have been recently found to be localized in plastoglobules in a proteomic study and are possibly involved in the regulation of quinine monooxygenases (Ytterberg et al., 2006) . As illustrated by the pleiotropic effect and permanent oxidative stress caused by deletion of AtOSA1, despite the fact that our knowledge about Abc1 related proteins is still scarce, our results indicate this gene family triggers essential regulatory functions.
Material and methods

cDNA-microarrays
The mRNAs were isolated as described at H http://www.unil/ibpv. Fluorescent labeling of cDNAs, hybridization on home-made DNA-microarray slides spotted with ESTs and 3' ends coding sequences 
Semi-quantitative PCR
For semi-quantitative RT-PCR, the housekeeping genes Actin2 (AtACT2) gene (At3g18780) and S16 (AtS16) gene (At5g18380) were amplified using the primers actin2-S (5'-TGGAATCCACGAGACAACCTA-3') and actin2-AS (5'-TTCTGTGAACGATTCCTGGAC-3') and S16-S: GGCGACTCAACCAGCTACTGA and S16-AS: CGGTAACTCTTCTGGTAACGA, respectively. For the ascorbate peroxidase 1 (AtAPX1) gene (At1g07890), Fe-superoxide dismutase 1 (AtFSD1) gene (At4g25100) and Fe-superoxide dismutase 2 (AtFSD2) gene (At5g51100), we designed the following primers: APX1-S (5'-GCATGGACATCAAACCCTCTA-3') and APX1-AS (5'-TTAAGCATCAGCAAACCCAAG-3'); FSD1-S (5'-GGAGGAAAACCATCAGGAGAG-3') and homozygote lines (GABI 132G06), the primers were: RP (5'-TTTGTTGGAGGCATTTTATGG-3'), LP (5'-GAATGCTTGTGATTGCCTGTC-3') and LB T-DNA (5'-ATTTGGACGTGAATGTAGACA-3'). The primers for the verification of truncated transcript were: 1-S (5'-AATCGCCGGGATCTTCTTAC-3') and 1-AS (5'-TTGTCACTTCCTCCGTTTCC-3'), 2-S (5'-TTTGTTGGAGGCATTTTATGG-3') and 2-AS (5'-AACGCGTTGAAATGCCCTCTC-3'), 3-S (5'-GACAGGCAATCACAAGCATTC-3') and 3-AS (5'-CGATTAGAACTTGGAGGCTGA-3'). The PCR reactions were performed in a final volume of 25 μL containing the following mixture: PCR buffer, 0.2 mM dNTPs, 0.5 μM of both 5' and 3' primers, 1 U Taq DNA polymerase (Promega, Madison, WI, USA), and adjusted amounts of cDNA. DNA was isolated using NUCLOSPIN plant (Macherey-Nagel, Oensingen, Switzerland). Total RNA was purified from the plants using the ATAAGAATGCGGCCGCTTAAGCTGTTCCAGTGATTAGTTTTTCC 3') using pRT-AtOSA1-EYFP as a template. PCR product was sequenced to avoid errors. Yeast transformation was performed using standard protocols. Transformants were growing on the SD medium (2% (w/v) glucose, 0.7% (w/v) yeast nitrogen base and required amino acids) with glucose or glycerol as a source of carbon. Cells were analyzed by confocal laser scanning microscopy (TCS SP2 Leica).
We used cDNA prepared as described above as a template for the PCR. The resulting AtOSA1-EYFP was cut off by Not I and cloned into vector pRT (Überlacker and Werr, 1996) , resulting in pRTAtOSA1-EYFP. The entire gene fusion product was sequenced to verify the absence of PCR errors.
The Tic110-GFP construct was kindly provided by F. Kessler, University of Neuchatel.
Arabidopsis suspension cell cultures were grown as described in Millar et al. (2001) . Three days after culture dilution, the cells were transferred onto solid medium and 48 h later the plants were transfected with appropriate constructs using a particle inflow gun (PDS1000He; Bio-Rad) with 0.6 µm particles and 1300 psi pressure. The transfected Arabidopsis cells were analyzed by confocal laser scanning microscopy (TCS SP2 Leica) 24 and 48 hours after bombardment.
Chloroplast and Envelope Membrane preparation
Firstly, the mesophyll protoplasts were prepared from leaves according to the protocol described in Seedlings were then transferred in 1/2 MAMI liquid medium under the same growth conditions for 2 weeks. Plants were finally cultivated for additional 3 weeks in the presence or absence of 0.2, 0.5 or 1 μM CdCl 2 in 1/2 MAMI. Cd was desorbed after 10 min of roots incubation in 1mM CaCl 2 cold solution. The Cd content was determined by AAS in shoots and roots.
Plant labelling
The plants were root labelled with 0.04 MBq 109 CdCl 2 in 1/8 MAMI for 4 h. After washing with cold distilled water, plants were grown in 1/2 MS for additional 3 days, dried and subjected to autoradiography
Determination of superoxide dismutase activity
For the superoxide dismutase (SOD) activity measurements without any treatment we used 4 weekold plants grown on soil. For measurement following a Cd 2+ application plants were germinated on 0.8 % (w/v) agar plates containing 1/2 MS (Duchefa) and 1 % (w/v) sucrose. The plates were stored at 4°C for 16 h for synchronization of seed germination, then, placed vertically in the phytotron (22°C, 8 h light and 70 % humidity). Two-week-old seedlings were transferred to liquid medium and cultivated under hydroponic conditions for three weeks on MAMI-medium. CdCl 2 was added to the medium to a final concentration of 1 µM and the samples were taken 24 hours later. The activity of superoxide dismutase (SOD) was measured as described in Hacisalihoglu et al. (2003) . Leaves were homogenized briefly with 50 mM HEPES buffer (pH 7.6) containing 0.1 mM Na 2 EDTA, 1 mM PMSF, 1 % (w/v) PEG4000, 1 % (w/v) Polyvinylpolypyrrolidon (Sigma) and centrifuged at 14000 rpm for 10 min at 4°C. The supernatant was desalted on a Biospin column P6 (BioRad) according to the supplier's protocol and used for protein and SOD assays. The assay determines the inhibition of the photochemical reduction of nitroblue tetrazolium (NBT) as described by Giannopolitis and Ries (1977) . The 1 mL reaction mixture for the SOD assay, contained 50 mM HEPES (pH 7.6), 0.1 mM EDTA, 50 mM Na 2 CO 3 (pH 10.4), 13 mM Met, 75 μM NBT, 0.5 mL of enzyme extract, and 2 μM riboflavin. The reaction mixtures were illuminated for 15 min at 250 μmol m −2 s −1 light intensity or kept in the dark (negative control). One unit (U) of SOD activity was defined as the amount of enzyme required to cause 50 % inhibition of the reduction of NBT measured at 560 nm. Protein content was determined according to Bradford (1976) using bovine serum albumin as a standard.
Gas exchange
Photosynthetic gas exchange measurements were performed on attached leaves before plants
flowering using an open infrared gas analyzer (IRGA) system (CIRAS-1; PP-Systems, Hitchin, UK). Measurements were made on plants grown at 8 h light at a PPFD (photosynthetic photon flux density) of 50, 100 or 150 μmol m -2 s -1 , and CO 2 concentration of 350 μmol. Leaf temperature (LT) was adjusted to the desired level using the internal heating/cooling system of the analyser.
Detection of protein kinase activity in gelo
The method for detecting protein kinases (PK) in gelo was adapted from Mori and Muto (1997) .
Chloroplast envelope membranes were isolated from wild type and the AtOSA1 mutant and separated by SDS-PAGE. In this experiment, 350 μg of myelin basic protein (MBP, M1891, Sigma) were used as a PK-substrate and incorporated in the running gel solution before polymerisation. After electrophoresis, polypeptides were renaturated for 12 h in 50 mM MOPS-KOH pH 7.6, changing the buffer 4 times during this period. The gel was then labelled with 1.6 MBq (γ 32 P)ATP (AA0068, Amersham-Bioscience) in 5 ml 50 mM MOPS-KOH pH 7.6, 10 mM MgCl 2 , 0.5 mM CaCl 2 for 3 h, following a 45 min preincubation in the same buffer without the labelled ATP. The gel was then rapidly washed with deionized water and incubated in 100 ml of 50 mM MOPS-KOH pH 7.6
containing 10 g of a strong basic anion exchanger (Amberlit IRA-410, Sigma) for 3 h. The removal of unbound 32 P was terminated by incubation of the gel in 50 mM MOPS-KOH pH 7.6 supplemented with 1 % (w/v) sodium pyrophosphate for 3 h. The polypeptides were then fixed in the gel in 10 % (v/v) 2-propanol, 5 % (v/v) acetic acid and 1 % (w/v) sodium pyrophosphate. The gel was finally dried and subjected to autoradiography.
Pigments analyses
The plants 
